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Thesis Overview
Falls are identified as the largest risk and leading cause of injury for multiple populations,
including young adults and individuals with a transtibial amputation. Furthermore, obstacle
crossing is identified as the number one cause of a trip, which subsequently leads to falling.
Previous research provides conflicting results and a lack of specificity in certain outcome
measures of dynamic stability during obstacle crossing. Therefore, the purpose of this thesis was
to gain foundational knowledge on outcome measures related to dynamic stability during an
obstacle crossing protocol. An additional purpose was to investigate the dynamic stability of
young adults, and speculate on the dynamic stability of a transtibial amputee following the same
protocol. It was hypothesized for both young adults and the transtibial amputee, as obstacle
height increased, the medial/lateral distance of the COM-BOS relationship will decrease, the
medial/lateral distance between the COM-COP will increase, and that there would be increased
variability in both peak and regional pressure of the trail limb during single support. Twenty
young adults (aged 24.3 ± 2.9) and one transtibial amputee (age 27) completed six trials of level
ground walking and 18 blocked and randomized trials of obstacle crossing at three heights (5 cm,
15 cm and 25 cm). Outcome measures for this study included: minimum and maximum
medial/lateral COM-BOS, minimum and maximum M/L COM-COP, peak total and peak
regional pressure distribution, step length, step width, and minimum toe clearance. A series of
repeated measures analysis of variance (ANOVA) were performed on the young adult data,
whereas the transtibial amputee results were interpreted based off of mean and standard
deviation values. As obstacle height increased the minimum medial/lateral (M/L) centre of mass
(COM) and centre of pressure (COP) distance significantly decreased (p<0.0001), total peak
pressure significantly increased (p<0.0001), and pressure in the heel, lateral midfoot and toe
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regions of the trail limb significantly increased (p<0.0001) for the young adults. Furthermore,
minimum toe clearance (MTC) was significantly lowest at level ground walking, while largest at
the 5cm, and then significantly decreased as obstacle height continued to increase (p<0.05).
Finally, step length significantly increased compared to level ground walking (p<0.0001).
Conversely, the transtibial amputee showed lower total peak pressure, smaller step width, COMbase of support (BOS), COM-COP, and MTC distances. Ultimately, the results indicate obstacle
height significantly influenced COM-COP, total peak pressure, regional differences in pressure,
MTC, and step lengths of the young adults. Secondary interpretation of the transtibial amputee
shows that the individual utilized a less conservative strategy and was therefore less stable
compared to the young adults. Even though this individual was less stable than the young adults,
he was still able to maintain enough dynamic stability during level ground walking and obstacle
crossing tasks to avoid tripping and/or falling. This thesis further provides novel information
regarding plantar pressure distribution both holistically and regionally for both young adults and
an individual with a transtibial amputation during an obstacle crossing protocol.
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Chapter 1: Literature Review
1.1 Background
There are numerous health-related risks associated with aging, however in Canada, the
greatest risk and leading cause of injury to individuals (12 to 65+ years old) is falling (Billette &
Janz, 2011). One third of older adults (OA) fall each year, with approximately 20-30 percent of
those falls resulting in injury ("Injury Prevention and Control," 2018). The total cost of fall
related injuries in Canada was over 6.2 billion dollars in 2004, surpassing every other
contributing factor for injuries in Canada (SMARTRISK, 2009). Falls were the leading cause of
injury in approximately half of all adolescents (aged 12-19) and 35% of working aged adults
(aged 20-64) (Billette & Janz, 2011). In Canada, the overall cost of falling, for individuals
between the ages of 25-64, was approximately 2.3 billion dollars in 2004, and this age cohort
accounted for the most emergency room visits due to a fall at 37% (SMARTRISK, 2009).
There are multiple explanations for why a fall may occur, however some of the most
common contributing factors include: loss of consciousness, vision impairment, chronic disease,
neurological disorders, decreased somatosensory feedback, uneven terrains, or experiencing a
perturbation from a slip, push or trip (Maki & McIlroy, 1996; Perry, 2006). Researchers have
determined that tripping is the most common cause of a fall in Canada for individuals 65+ (60%)
and is likely to occur during an individual’s activities of daily living (ADL) (Billette & Janz,
2011; Seniors, 2005). Falls can occur as a result of stepping over an uneven surface, a raised
edge of a door way, over an object laying on the ground, ambulating up or down stairs, or
stepping up over a curb or sidewalk. Falls most commonly result from stumbling and/or tripping
for individuals over the age of 20 and can occur in multiple environments such as outdoors, at
work or at home. Adults aged 20-64 experienced an injury rate of 27.4% during household
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chores and walking; this value more than doubled for individuals 65 or older (55.3%) (Billette &
Janz, 2011). Li et al. (2006) surveyed 2193 middle-aged and older adults from 1996-2001
(between the ages of 45 to 85) and found that falls occurred more commonly outdoors rather than
indoors. The researchers also found that 73% of falls were attributable to environmental factors
such as uneven surfaces, and tripping on objects; these falls routinely occurred on sidewalks,
curbs, and streets.
Although the risk of falling is highly associated with aging, all individuals regardless of
their age have the potential to fall. Research is required to enhance the knowledge of the
contributing mechanisms, which may influence an individuals’ risk to falling. One method of
determining the contributing risk factors for falling is to examine the dynamic stability (also
known as balance) of individuals during walking. Outcome measures such as centre of mass
(COM), centre of pressure (COP) and base of support (BOS) can provide empirical evidence to
determine an individuals’ stability or instability during gait. The centre of mass is the summation
of masses of the body, represented at a singular spatial location, where the sum of the mass
moments is equal to zero. As bipeds, the base of support for humans is typically limited to our
feet, and the surface area encompassed within our lateral, anterior and posterior borders of the
feet; where supporting ground reaction forces can be generated (Maki & McIlroy, 1996). Finally,
COP is the location of the sum of the vertical ground reaction forces applied over the surface of
the area in contact with the ground (Winter, 1995). However, to understand these outcome
measures it is important to first gain an understanding of normal gait, postural control, and
dynamic stability.
Normal walking requires a complex combination of movements in order to produce a
fluid motion. Gait consists of two phases: 1) stance phase and 2) swing phase (Figure 1.1). One
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gait cycle (GC) occurs from the initial heel contact of a limb (0% GC) on the ground, to the next
consecutive heel contact of the same limb (100% GC). The stance phase occurs when a particular
limb remains in contact with the surface, which accounts for 60% duration of the gait cycle;
during this time, the contralateral limb undergoes a swing phase (40% of GC). When only a
single limb is in contact with the surface, the individual is classified as being in single support
(40%). Conversely, when both the ipsilateral and contralateral limb are in contact with the
surface, the individual is deemed to be in double support (20% of GC). Once the heel of the
contralateral limb makes initial contact, the weight of the individual is shifted to allow for weight
acceptance, and therefore allows for toe off of the following limb (at 60% of GC) (Figure 1.1).

Figure 1.1: Gait cycle timing, starting with right initial contact (0%) to next consecutive right
initial contact (100%). Adapted from Whittle (2007).
In order to achieve a fluid gait cycle, an individual is required to utilize balance control,
which is defined as the ability of an individual to control one’s body position in space for the
purpose of stability and orientation (Horak & Macpherson, 1996). Additionally, balance control
allows an individual to maintain the appropriate orientation of body segments in relation to one
another as well as with the environment, which helps to ensure dynamic stability during
movement (Earhart, 2013). Part of balance control is the complex interaction between
musculoskeletal system and neural systems, such as: internal representations, adaptive
13

mechanisms, anticipatory mechanisms, sensory strategies and systems, as well as neuromuscular
synergies (Shumway-Cook & Woollacott, 2001). If an individual’s balance control were to
become inhibited, their ability to ambulate would become unstable, uncoordinated and ultimately
inefficient, and would therefore increase the risk of falling (Earhart, 2013).
As previously mentioned dynamic stability relies on balance control to maintain stability
during gait; this is otherwise recognized as the COM position within the limits of the BOS
(Shumway-Cook & Woollacott, 2001). One way to maintain the COM within the BOS is to use
muscles surrounding the ankle joints to stabilize the COM, however other possible methods may
include reactive stepping or reaching and grasping motions in order to stabilize and maintain the
COM within the BOS (Maki & McIlroy, 1996). A conceptual model of balance control
demonstrates that there are three forms of perturbations that influence either the central nervous
system (CNS), the musculoskeletal system or the sensory system; these include physiological,
mechanical and informational perturbations respectively (Figure 1.2) (Maki & McIlroy, 1996).
The measurement of COP, BOS, and COM is essential for determining dynamic stability in
response to a perturbation. Minimum toe clearance (MTC) and characterising the reaching and
grasping motions (a complementary method to stepping, for extending the BOS) may also
provide information relative to the associated risk factors for falling. Minimum toe clearance is
the lowest point of clearance between the toes and the obstacle during obstacle crossing. As
MTC decreases the likelihood of a trip occurring increases, ultimately increasing the risk for
falling (Begg, Best, Dell'Oro, & Taylor, 2007).
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Figure 1.2: Conceptual model of balance control adapted from Maki & McIlroy (1996) with
emphasis on mechanical perturbations, which influence the musculoskeletal system.
The most challenging aspect of gait is during tasks of gait initiation and termination,
turning, and avoiding obstacles (including obstacle crossing) (Winter, 1995). A perturbation
challenges an individual’s ability to walk and is the most direct way of assessing dynamic
stability (Maki & McIlroy, 1996). Mechanical perturbations such as a slip, trip or push, directly
increase the risk of falling. These perturbations can cause the COM to move close to or beyond
the BOS, or prevent the BOS from realigning under the COM (Maki & McIlroy, 1996). An
example of the COM moving close to or beyond the BOS would include obstacle crossing; this
occurs when one limb is in single stance, while the other limb is in swing phase. The decrease in
the size of the BOS decreases the ability to maintain stability (MacLellan & Patla, 2006).
As previously mentioned, a trip can cause the COM to move close to or beyond the BOS,
and has repeatedly been found to be the greatest risk and leading cause of falls and fall related
injuries (Overstall, Exton-Smith, Imms, & Johnson, 1977; Blake et al., 1988; Tinetti &
Speechley, 1989; Berg, Allesio, Mills, & Tong, 1997). More specifically tripping has been found
to account for between 34-53% of falls in older adults (Overstall et al., 1977; Blake et al., 1988;
Berg et al., 1997). Obstacle crossing has subsequently been found to be the leading cause of a
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trip for not only older adults but for adolescents and working age adults as well (Chen et al.,
1991; Tinetti, Speechley, & Ginter, 1988; Billette & Janz, 2011).
Stability is multidirectional and therefore encompasses motions that occur in both the
anterior/posterior as well as medial/lateral directions. Individuals have been found to be less
stable in the medial/lateral direction as opposed to the anterior direction. The reasoning for this is
multifactorial: the foots anatomy promotes an increased range of motion in the anterior/posterior
direction opposed to medial/laterally (Chou et al., 2003). Further, the hip abductors of the stance
leg are activated during walking to control balance, which causes the COM to shift laterally, thus
increasing the risk for a fall to occur (Maki, McIlroy, & Fernie, 2003). Lateral stability has
additionally been found to be increasingly difficult with an increase in age. Older adults have
been repeatedly found to take an increased number of lateral reactionary steps compared to
young adults when perturbed both medial/laterally and anterior/posteriorly. Falls occur during
these reactionary steps when the swing limb trips/collides with the stance leg and prevents the
older adult from realigning their COM within their BOS (Maki, Edmondstone, & McIlroy, 2000;
Maki et al., 2003).
An important method of analyzing dynamic stability is therefore through the analysis of
the relationship between the COM and BOS; referred to as the stability margin. There are two
types of stability margins: 1) the distance between the COM and BOS in the transverse plane
(spatial), and 2) the amount of time it would take to recover one’s balance due to the
combination of the COM velocity and the spatial stability margin available (temporal). The
spatial stability margin, also referred to as the lateral stability margin, is the perpendicular
distance between the lateral border of the single support foot to the projected COM location in
the transverse plane (figure 1.3). The greater the COM-BOS distance, the further away the COM
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is from the lateral border, thus indicating a greater stability in the medial/lateral direction;
alternatively, the smaller the COM-BOS distance, the less stable an individual may be in the
medial/lateral direction. This stability margin has been demonstrated by Hof, Gazendam, &
Sinke (2005) and Perry, Radtke, McIlroy, Fernie, & Maki (2008). A second spatial measurement
for determining dynamic stability is the medial/lateral COM-COP relationship; this is the
calculated horizontal distance between the COM and the COP in the transverse plane. An
individual is deemed less stable if the distance between the COM and the COP is large, whereas
the closer the COM is to the COP the more stable an individual is. Multiple studies have used
this outcome measure as one method to demonstrate dynamic stability (Hahn & Chou, 2004;
Huang, Lu, Chen, Wang, & Chou, 2008; MacKinnon & Winter, 1993; Winter, 1995).

Figure 1.3: Lateral stability margin depicted by the COM trajectory in relation to the lateral
border of the BOS during gait. Adapted from Perry (2006).
Determining dynamic stability requires accurately measuring the bodies position
(kinematics) during locomotion as well as the force produced (kinetics). Kinetics refers to the
forces that are produced on the body during human movement, whereas kinematics refers to the
location of the body’s position in three-dimensional (3D) space. By incorporating kinetic and
kinematic analyses, a multitude of outcome measures can be collected such as: COM, BOS,
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COP, step length, step width, pressure distribution, gait cycle timing information (heel contact
and toe off), and more (Sturdy, Gates, Darter, & Wilken, 2014). Kinetic measurements also
allow gait cycle information such as heel contact and toe off, to be determined, which can then
be used to identify an analysis window.
Kinematic data is most commonly collected using an active motion capture system, one
example being Optotrak 3020 (Northern Digital In., Waterloo, ON). This system relies on
infrared (IRED) markers, which transmit three-dimensional (3D) (X, Y, and Z) locations of each
marker that are then received by multiple motion capture cameras. Similarly, kinetic data is most
commonly collected through apparatuses such as force plates (FP) and pressure sensing insoles.
These instruments record ground reaction forces (GRF), centre of pressure locations, and
pressure distribution under each foot. This data can be extrapolated to determine gait
characteristics such as step length, step width, and stride length, as well as gait cycle timing
information such as heel contact and toe off.
With regards to the two studies described below, the kinematic data allowed for the
COM, along with the BOS to be calculated, thus allowing the lateral stability margin to be
defined. Furthermore, the kinematic data allowed for the calculation of MTC and reaching and
grasping distances (measured as the medial/lateral displacement of the arm markers during the
trial). The kinetic data allowed for total and regional peak pressure and COP to be calculated, as
well as the determination of the phases of the gait cycle and therefore the analysis window.
Using both kinematic and kinetic data meant that the COM-COP relationship could also be
analyzed. The use of kinematic and kinetic measurements systems allowed for the outcome
measures previously mentioned to be examined in an attempt to better understand the dynamic
stability of young adults and a case study of a transtibial amputee.
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With injuries due to falling placing an increased financial burden and time demand on the
health care system, understanding dynamic stability during obstacle crossing may play a vital
role in reducing the frequency of falls and fall related injuries.
1.2 Young Adults
Young adults (YA) utilize different strategies during obstacle crossing compared to older
adults (OA) as they tend to be less conservative than OA through their ability to maintain a
larger medial/lateral COM motion, a smaller and more similar toe clearance height, and a
significantly greater crossing speed and step length. Conversely, OA therefore tend to maintain
an increased toe clearance distance, slower crossing speed, decreased medial/lateral COM-COP
relationship, shorter step length and smaller step width (Chou, Kaufman, Brey, & Draganich,
2001; Hahn & Chou, 2004; Huang et al., 2008; Lu, Chen, & Chen, 2006; MacLellan & Patla,
2006; Nakano, Fukaya, Kanai, Akizuki, & Ohashi, 2015). Older adults have also been found to
have a larger horizontal distance between their foot and the obstacle prior to obstacle crossing,
and therefore a decreased distance between their heel and the obstacle following obstacle
crossing (Lu et al., 2006; Maidan et al., 2018). In a study conducted by Maidan et al. (2018) the
researchers used a combination of cognitive function assessments, balance and mobility tests, as
well as gait and obstacle negotiation tasks, and found that the horizontal distance of the lead foot
following the obstacle as well as the clearance height of the trail foot, were positively correlated
with cognitive, motor, and functional abilities. Other strategies used by YA when performing an
obstacle crossing task include increased knee flexion and adduction, along with increased hip
flexion and abduction. These mechanical changes during gait allowed for the maintenance of toe
clearance as obstacle height increased (H. L. Chen, Lu, & Lin, 2004; Chou & Draganich, 1997).
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Irrespective of an individuals’ age, there have been similar gait characteristics during
obstacle crossing found to occur in both YA and OA: as the height of the obstacle increases there
is an increase in stride time, stride length and step width, as well as a decrease in step length
(Hahn & Chou, 2004; Lu et al., 2006). Researchers have shown that YA performing an obstacle
crossing task had a decrease in stability - indicated by greater anterior/posterior COM-COP
motion, as well as increased vertical COM position and velocity - as stride length increased with
increased obstacle height (Chou et al., 2001). This coincides with similar findings of older adults
by H. C. Chen, Ashtonmiller, Alexander, & Schultz, 1991; older adults are at an increased risk of
falling as crossing speed decreased, due the increased length of time in an unstable posture. This
suggests that as the height of the obstacle increases, so does the instability of the individual. This
could potentially explain the similarities in gait patterns seen between YA and OA, as both
populations adapt their gait in an attempt to increase stability.
The height of obstacles used in previous research have remained relatively inconsistent.
Some studies have normalized the height of the obstacle either to the height of the participant or
to the participants’ leg length. These obstacle heights included: 2.5%, 5%, 10%, 15%, 20%, and
30% of an individuals’ height and leg length (Hahn & Chou, 2004; Huang et al., 2008; Lu et al.,
2006). However, there has also been research performed with predetermined obstacle heights of:
2.5cm, 5.5cm, 7.5cm, 15cm, and 20cm (H. C. Chen et al., 1991; Draganich & Kuo, 2004;
Maidan et al., 2018; Sims & Brauer, 2000). The Government of Ontario bill 351 states that the
height of a curb in Ontario can vary from 12.5cm 15cm and 20cm depending on the type of
property. Therefore, this thesis focuses on an obstacle at the average height of a curb in Ontario
(15cm), as well as a larger height (25cm) and a lower height (5cm), to provide a comparison.
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The outcome measures previously used by researchers that have afforded insight into the
strategies adopted by young adults when maintaining their balance during obstacles crossing
have included measurements of: COM-COP inclination angles and velocities, step length, step
width, stride time, minimum toe clearance, medial/lateral COP motion, COM velocity and
acceleration, joint angle trajectories and the stability margin in the anterior/posterior and
medial/lateral direction (H. C. Chen et al., 1991; Draganich & Kuo, 2004; Hahn & Chou, 2004;
Hof et al., 2005; Huang et al., 2008; MacLellan & Patla, 2006; Maidan et al., 2018; Sims &
Brauer, 2000). By using a combination of outcome measures (such as COM-BOS, COM-COP,
toe clearance, step width, and step length) along with novel outcome measures that incorporate
the use of pressure sensing insoles (such as max pressure distribution, variability in pressure
distribution), a greater understanding of the dynamic stability of a young adult population can be
determined. The results from this study can then be used to analyze and compare the dynamic
stability of other special populations, when performing the same protocol.
1.3 Transtibial Amputees
Age significantly impacts an individuals’ risk of falling, however other circumstances,
such as an amputation, may predispose persons to a higher chance of falling; specifically,
individuals with a lower limb prosthesis. The loss of a limb can be challenging for an individual
and can significantly impact their activities of daily living (ADL) and their quality of life (QOL).
There are multiple classifications for lower limb amputations, though the most common
amputation is a transtibial, which accounts for approximately half of all lower limb amputations
(Muilenburg & Wilson, 1996). A transtibial amputation (TTA) is one that occurs below the knee
and above the ankle and depending on the level of amputation for an individual, the amount of
ambulation and associated gait deviations may vary (Suckow et al., 2012).
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Rosenblatt, Bauer, & Grabiner (2017) found that the greatest risk to TTA is the risk of
falling, and other research specifically found that 52% of lower limb amputees fall annually, with
75% of those individuals experiencing a recurrent fall (Miller, Speechley, & Deathe, 2001). The
primary investigator of this thesis extrapolated data from Owings & Kozak (1998) of the
estimated number of amputees within the United States, to estimate that there may be
approximately 63,600 TTA in Canada as of 2016, with a rate of 650 new cases per year. The
increase in this population is likely to put an increased burden on Canada’s health care system.
As well, the increase in the number of TTAs in Canada will likely have a positive correlation
with the number of amputees who fall. Therefore, it is important to understand the factors
associated with the risk of falling for a TTA. By understanding the mechanisms behind the
associated risk factors to falling, researchers will be able to develop better designs, procedures,
protocols, and ultimately prostheses in hopes of decreasing the likelihood of a fall from
occurring. Specific research is needed to determine the relationship between an individual’s
dynamic stability and their risk of falling (Jayakaran, Johnson, Sullivan, & Nitz, 2012).
The most common causes for amputation of a transtibial amputee include: peripheral
vascular disease, diabetes, trauma, infections, tumors, and limb deficiencies as a result of a
congenital disorders (Seymour, 2002). It is more common for older adults to experience
peripheral vascular, peripheral arterial disease (PVD and PAD) and diabetes whereas trauma,
limb deficiencies, infections, and tumors are less common (Canada, 2009). A lower limb
amputation however can occur at any point in time over the lifespan and will have varying
degrees of implications on an individual’s ability to ambulate. This can significantly alter the
individual’s ability to perform activities of daily living (ADL), exercise selection, participation in
sports, and social life. Depending on the root cause of amputation such as diabetes or PVD,
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comorbidities may exist in the intact limb that may cause greater postural instability compared to
an individual with a lower limb disorder due to trauma (Hermodsson, Ekdahl, Persson, &
Roxendal, 1994). One complication of PVD is peripheral neuropathy; this is also known as
peripheral nerve damage and can lead to deficits in lower limb proprioception, kinesthesia,
ability to sense vibration, and tactile sensitivity (Zochodne, 2007). This comorbidity can have an
effect on the systems responsible for postural stability and can therefore influence an individual’s
ability to maintain their stability (Hunter et al., 2017), exposing these individuals to a greater risk
of falling.
Beyond physiological diseases, the length of an individuals’ residual limb can influence
the ability of that individual to maintain their balance. Research has demonstrated that there is a
positive correlation between the length of the residual limb and the amount of control an
individual has of their prosthesis; as the length of the residual limb increases, so does the
individuals ability to control the prosthesis (Kamali, Karimi, Eshraghi, & Omar, 2013). Thus, the
length of the residual limb significantly effects the individuals’ static and dynamic balance as
well as postural control (Jayakaran et al., 2012).
When an individual requires a prosthesis, there are many factors that are taken into
consideration to determine what type of prosthesis should be provided. Identified by a
professional in the field, the two most common forms of prosthesis in clinical practice are the
SACH foot (Solid ankle cushioned heel) and a fixed carbon fiber energy returning foot. For the
purpose of this thesis the fixed carbon fibre energy returning foot is of interest. The fixed carbon
fiber energy returning foot is an umbrella term, which describes multiple types of prosthetic feet.
These are primarily composed of carbon fibre, and allow for greater energy storage and transfer.
An important structure for many types of prostheses is a structure known as the keel (figure 3.1);
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this structure runs throughout the prosthetic foot and provides the ability to store and transfer
energy. Furthermore, the keel plays a critical role for providing stability; the wider the keel, the
larger the BOS, therefore the greater the stability (Edelstein, 1988).

Figure 1.4: Ossur Pro Flex XC prosthetic foot (an example of a fixed carbon fibre energy
returning foot).
Walking on level ground is considered the most stable environment for TTAs (Kendell,
Lemaire, Dudek, & Kofman, 2010a), therefore it is suggested that research should analyze the
effects of a perturbation on TTA as this would directly challenge the individual’s ability to walk
and consequently provide a better understanding of how a normal locomotor system adapts.
Previous research on perturbations for TTA, have focused on mechanical perturbations that
disrupt the musculoskeletal system; more specifically on the movement that occurs in the medial
lateral direction (Beurskens, Wilken, & Dingwell, 2014). Research performed by Barnett,
Polman, & Vanicek (2014) as well as De Asha & Buckley (2015) has focused on the ability of
TTA to perform an obstacle crossing task. This research has been beneficial in understanding the
mechanisms associated with obstacle crossing and has allowed for an opportunity to determine
the effects of the intact versus the prosthetic limb, as well as the preferred versus non-preferred
limb during gait. De Asha & Buckley (2015) found that minimum toe clearance was significantly
higher when the individuals lead with their preferred limb, additionally individuals had no
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significant difference in knee joint proprioception between the intact and prosthetic limb. These
researchers conclude that individuals with a TTA maintain greater control of the preferred versus
the non-preferred limb when stepping over an obstacle and should therefore use their preferred
versus non-preferred limb when stepping over obstacles. It should be noted that these researchers
collected data from nine participants, five of which preferred to lead with their intact limb, and
four preferred to lead with their prosthetic limb. Barnett et al. (2014) found similar results that
indicate that TTA tend to lead with their intact limb when crossing an object, and have a longer
stance duration on the intact limb versus the prosthetic limb. Finally, these researchers suggest
that a potentially vulnerable stage of obstacle crossing occurs when the prosthetic limb is in the
swing phase of the gait cycle, as there is decreased control of the prosthetic limb compared to the
intact limb. As a possible method of measuring this potentially vulnerable stage of obstacle
crossing, minimum toe clearance was measured between the lead limb and the obstacle.
One way to maintain the COM within the BOS is to use muscles that surround the ankle
joint, however individuals with a transtibial amputation no longer have the same capability to
perform these movements, which may increase their risk of falling (Maki & McIlroy, 1996).
However, if a TTA were to use a prosthesis with an active dorsiflexing foot, the MTC can be
significantly increased, thereby reducing their risk of falling (Rosenblatt, Bauer, Rotter, &
Grabiner, 2014). Alternative strategies for maintaining balance may include reactive stepping or
reaching and grasping motions (Maki & McIlroy, 2006). Ultimately research specializing on
TTA should attempt to analyze both the upper and lower body segments in order to determine
which, if any of these adaptive strategies are being utilized.
Kinematic analysis systems such as motion capture analysis, may allow researchers the
ability to analyze the movements of TTA more objectively, rather than using clinical analysis
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methods such as the timed-up-and-go test (TUG-test) or the timed walked test (2-Min walk test)
(Kent & Franklyn-Miller, 2011). Researchers using kinematic data have been able to identify
asymmetries in stability parameters between the intact and prosthetic limb for TTA (Kendell,
Lemaire, Dudek, & Kofman, 2010b). The researchers found that dynamic stability improved
when the intact limb compensated for the prosthetic limb. The asymmetries in this study
included an increased anterior/posterior and medial/lateral centre of pressure in the intact limb
compared to the prosthetic limb across all conditions. These asymmetries merely demonstrate
that there is variability between the intact and prosthetic limb that may lead to an increased risk
of falling when relying on the prosthetic limb during single support compared to the intact limb.
Additional adaptations made by TTA to improve their dynamic stability include a longer stride
time (slower steps), more time in double support, and a wider BOS (Beurskens et al., 2014;
Kendell et al., 2010b).
1.4 Purpose
The purpose of this thesis was multi-faceted. First, examine the dynamic stability of young
adults during an obstacle crossing protocol, to allow for comparisons to be made with a single
transtibial amputee. Due to difficulty with recruitment, twenty young adults were analyzed in
order to better understand the effects of the obstacle crossing protocol on the balance of healthy
young adults. This provided the opportunity to then compare the results of the single transtibial
amputee to a healthy young population completing the same protocol. Secondly, obtain novel
information on the pressure distribution patterns for both young adults and the transtibial
amputee during an obstacle crossing protocol.
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1.5 Research Questions
The overall objective of this thesis is to provide empirical evidence and rationale to
answer the following research questions:
1. How does the height of an obstacle during gait influence an individuals’ ability to
maintain stability?
2. How does obstacle height influence plantar pressure distribution?
3. How do these effects differentiate between young adults and an individual with a
transtibial amputation?
1.6 Hypotheses
It is hypothesized that during obstacle crossing, as the height of the obstacle increases,
the ability to maintain stability would decrease. More specifically:
1. The medial/lateral distance of the COM-BOS relationship will decrease.
2. The medial/lateral distance between the COM-COP will increase.
3. There will be increased variability of both peak and regional pressure of the trail limb
during single support.
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Chapter 2: Methods
2.1 Participant Recruitment
This study was reviewed and approved by Wilfrid Laurier University’s Research Ethics
Board (REB #5342). Through convenience sampling, twenty young adults (YA) were recruited
from Wilfrid Laurier University and the Waterloo Region. Male and female participants between
the ages of 20-32, with no current neurological, orthopedic or physical condition, which could
influence their ability to ambulate, were eligible to participate in this study. For general
characteristics including age, height and weight see Table 2.1. Additionally, a single transtibial
amputee participant was recruited for this study through Sunnybrook Centre for Independent
Living (Toronto, ON). The participant for this study was male (age=27, mass=77 kg,
height=180cm) with a transtibial amputation; this individual wore an Ossur Pro-flex XC
prosthetic limb. At the time of the study the participant had had a prosthetic limb for 6 years and
had used his current prosthesis for 4 weeks. This individual also had no current neurological,
orthopedic or physical condition other than his amputation that might influence his ability to
ambulate.
Table 2.1: Characteristics of young adult participants, n=20 (mean ± standard deviation).
Age

Weight (kg)

Height (m)

Young Adults

24.3 ± 2.9

69.1 ± 10.1

1.73 ± 0.08

Transtibial Amputee

27

77

180

Data collection occurred in the Neuromechanics Research Lab at Wilfrid Laurier
University, Waterloo, ON. All interested participants completed a pre-screening questionnaire
(Appendix A). The questionnaire was administered either via email or in person to all
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participants depending on their preferred method. The purpose of the questionnaire was to
exclude potential participants with any current orthopedic, neurological or physical condition
that may have a confounding effect on their ability to ambulate. The same pre-screening
questionnaire (Appendix A) was used for both the young adults and the transtibial amputee,
therefore potential young adult participants were told to exclude the first 7 questions of the
screening questionnaire that were specific to transtibial amputees. The inclusion criteria for
young adults consisted of the participant being between the ages of 20-35 and that they did not
meet any of the exclusion criteria.
As mentioned the same pre-screening questionnaire was used for the transtibial amputee,
and this gathered specific information such as: the type of prosthetic currently being worn, length
of time using a transtibial prosthesis, length of time using current transtibial prosthesis, cause of
amputation, indication of prosthetic limb, self-selected preferred limb, and their history of falls.
Other information collected were used as exclusion/inclusion criteria for this study: current
orthopedic condition other than the amputation, congenital limb deficiency, neurological,
cognitive or other diagnosis that could affect the individuals balance; see screening questionnaire
(appendix A) for more specifics. The inclusion criteria for this study consisted of: the individual
must have a minimum of 30 days of experience with their current transtibial prosthesis (to allow
time to adjust) and have worn a transtibial prosthesis for at least 1 year. Previous literature by
Wanamaker, Andridge, & Chaudhari (2017) found in a review of 145 articles that the
accommodation period for a prosthesis was anywhere between 0-154 days, therefore for the
purpose of this study an arbitrary value of 1 year was chosen to ensure appropriate
accommodation time has been given to the participants. Wurdeman, Myers, Jacobsen, &
Stergiou (2014), found that 3 weeks was an appropriate length of time for an individual to adapt
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to a new prosthesis, therefore for the purpose of this study a timeframe of 1 month was chosen to
again ensure that participants received an appropriate amount of time to adapt to a new
prosthesis. Other criteria included that the individual is able to ambulate independently of any
other assistive device for a 30-minute time period. Following the completion of the questionnaire
and after some follow up questioning for clarification, the participant was deemed to meet
study’s inclusion criteria.
Following successful completion of the pre-screening questionnaire, both the young
adults and the transtibial amputee were scheduled for a one hour testing session. Upon arrival to
the Neuromechanics lab, a single document containing the specific details of the experiment
along with informed consent was provided to each participant (Appendix C). Informed consent
was obtained from all participants prior to the start of the experiment, and permission to record
using video was also obtained. The purpose of recording the trials using an external video
camera was to allow the researcher the ability to view the trials, for any missteps or other actions
that may exclude that trial for analysis, at a later point in time.
2.2 Instrumentation
Three methods of measurement were used: Optotrak motion capture analysis system
(Northern Digital Inc.; Waterloo, ON, Canada), three force plates (AMTI OR6-5-2000;
Watertown, Massachusetts, United States of America), and pressure insoles (Flex Insoles;
Medilogic; Schonefeld, Germany).
The three FP were imbedded in the ground along an 8 m walkway within the lab (Figure
2.1), and collected data at a frequency of 300 Hz. The FP recorded the ground reaction forces
(GRF) along three axes, as well as the three corresponding moments around those axes
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(anterior/posterior, medial/lateral, and vertical). The data collected from the FP allowed
determination of the gait cycle timing, as well as calculation of the location of the centre of
pressure (COP). Prior to the start of data collection, the three FP were zeroed.

Figure 2.1: Overview of lab setup including obstacle crossing apparatus, force platforms, and
Optotrak camera banks.
Two Optotrak motion capture cameras were placed at the “end” of the walkway (Figure
2.1) and provided a field of view that encompassed the central portion of the 8m walkway where
the FP were located. Sixteen IRED markers were used in tandem with the Optotrak cameras to
record three dimensional (3D) kinematic data at a frequency of 100 Hz. The location of the 16
IRED markers were as depicted in Figure 2.2. The anatomical landmarks included both left and
right: anterior superior iliac spine, tibial tuberosity, ankle joint, 3rd metatarsal head,
acromion/clavicular joint, lateral epicondyle of the humerus, radial styloid process, xiphoid
process and the centre of the forehead. It should be noted that the markers on the ankle joint and
at the 3rd metatarsal head were placed on top of the individual’s shoes and placement was
estimated based on the location of the top of the laces on the tongue of the shoe and the end of
the laces near the toe of the shoe. Of the 16 markers, twelve were used to calculate a sevensegment COM; the four markers placed on the elbows and wrists were excluded from the
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analysis program, however the COM calculations still accounted for the mass of the arms. The
purpose of collecting kinematic data on the arms was to allow for future analysis of
compensatory reaching and grasping motions.
One difference between the young adults and the transtibial amputee study was the
placement of the marker on the prosthetic limb. Since the transtibial amputee’s prosthesis was
his left lower limb, marker 2 (left tibial tuberosity) was placed on top of the prosthesis in
comparison to the corresponding marker on the contralateral intact limb.

Figure 2.2: Representation of the 16 kinematic marker locations and the corresponding
anatomical landmarks.
Two pressure insoles were placed inside the participants’ self-selected footwear, over the
existing insole within their shoe. The size of the insole required for each participant was
determined by placing the largest possible insole inside the shoe that did not bunch, bend or put
undue pressure on the foot of the participant. A general shoe conversion chart from U.S to EU
was also used to gain a reference for the most appropriate insole size to start with. For the
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transtibial amputee the appropriate pressure insole size was determined based on the fit of the
insole in the footwear of the intact limb, therefore the insole on the prosthetic limb was assumed
to also be a fit. There was a total of five different sized pressure insoles ranging from size 35-36
(U.S. size 5/6) to size 47-48 (U.S. size 12/13); the insole sensors themselves consisted of 160240 individual pressure sensors, which were collected at 300 Hz. The insole sensors were
divided into nine regions (Figure 2.3). The insoles provide kinetic data that allowed the
researcher to determine the maximum pressure in newton centimeters squared (N/cm2) in each
region during the analysis window, as well as total peak pressure (N/cm2). These pressure insoles
have been previously tested by Koch, Lunde, Ernst, Knardahl, & Veiersted (2016), who applied
specific loading to both whole and regional portions the Medilogic pressure insoles, and found
that there is a high level of accuracy (interclass correlation coefficient of 0.995), and strong
construct validity. Further the Medilogic pressure insoles have been found to have a high
between day repeatability and the most accurate measure of contact area compared to other
leading pressure sensing insole brands (Price, Parker, & Nester, 2016).

Figure 2.3: Insole mapping of the right Medilogic pressure insole, indicating the 9 regions: 1)
big toe 2) tarsals 3) medial metatarsals 4) central metatarsals 5) lateral metatarsals 6) medial
mid-foot 7) lateral mid-foot 8) medial calcaneus 9) lateral calcaneus.
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The force plates, pressure insoles and kinematic markers were collected at 300 Hz, 300
Hz, and 100 Hz respectively. All sampling frequencies were set as multiples of 100 Hz to permit
down-sampling so as to have data available from all systems at a minimum of 100 Hz (pressure
insoles were hard wired to collect at 300 Hz). The force plate signals were directed into an
ODAU (Optotrak analog-to-digital unit, Northern Digital Inc., Waterloo, Ontario, Canada) and
Optotrak kinematic system were collected simultaneously by the First Principles software
(Northern Digital Inc., Waterloo, Ontario, Canada). The pressure insoles were collected by the
Medilogic collection software version 4.6. The foot contacts of interest (those that made contact
with the FP) were identified from the pressure data by having a designated number of steps occur
before FP contact during every trial.
2.3 Protocol
A footwear assessment tool (see appendix B) was completed on the participants’ selfselected footwear prior to setting up the participant for data collection. The footwear assessment
tool gathered information such as: fit, general characteristics, general structure, motion control
properties, cushioning and wear patterns; for exact details regarding the information collected
within those categories see appendix B. It should be noted that all twenty participants wore an
athletic style sneaker, however variability remained between participants. The properties of the
shoes were not analyzed or compared for this thesis, however the information gathered allows
for future analysis to determine if the shoe properties had confounding effects on dynamic
stability.
After completion of the footwear assessment tool, the appropriate size pressure insoles
were placed into the participants shoes; these insoles sat on top of the existing insole within the
shoe. Participants then had the 16 IRED markers placed on the appropriate positions (Figure
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2.2), which were then secured to the individual using 3M Transpore hypoallergenic adhesive
tape. The Optotrak markers, pressure insoles and force platforms followed a similar system
design (Figure 2.4, Figure 2.5 and Figure 2.6).
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Figure 2.4: Schematic of pressure insole data collection method.
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Figure 2.5: Schematic of Kinematic data collection method.
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Figure 2.6: Schematic of Kinetic data collection method.
Following the setup of the participant with the kinematic markers and the pressure
insoles, the participants were given a chance to walk around and familiarize themselves with the
feeling of the wires and the pressure insoles. Participants were then asked to stand with one foot
on FP 1 and the other foot on FP 2, facing the direction of the cameras; this was performed to
verify that all 16 IRED markers were active and visible to the Optotrak camera banks. Once the
researcher determined all of the markers were visible, a 30 second static trial was conducted
while the participant remained in the previously described position. The static trial provided
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baseline recordings of the three measurement apparatuses, which if necessary, could be used at a
later time point to compare to the gait trials.
After completion of the static trial, several walking trials were conducted to determine an
appropriate starting position for the level ground and obstacle crossing trials. Participants were
instructed to walk at a self-selected pace to the end of the walkway until instructed to come back
to their start position. Furthermore, participants were notified prior to the start of each trial,
which foot they would be starting with. Finally, the participants were instructed that if there was
an obstacle, they were to walk, step over the obstacle, and continue walking to the end of the
walkway. An appropriate start position consisted of the participant contacting FP 1 on their
fourth step, and either FP 2 or FP 3 with their fifth step (Figure 2.1). Once an appropriate start
position was determined for each participant, all trials were completed from this location.
The protocol for this experiment required the participant to complete a minimum of 24
trials, however if the participant missed a force plate during gait, or if there was a collection
software error, some trials were repeated. When necessary, the additional trial occurred
immediately following the original trial, and this new trial was then used for data analysis. In
order to complete data analysis, it was necessary to ensure complete and accurate data was
collected. The protocol consisted of 6 level ground walking (LGW) trials followed by 18 blocked
and randomized obstacle crossing (OC) trials. All participants completed an equal number of
trials with both their self-selected preferred versus non-preferred limb; this was determined prior
to the start of the experiment. Alternating limb initiation was primarily collected to observe
differences between the intact and prosthetic limb for the transtibial amputee, however the young
adults completed the same protocol, therefore this component was left in. For the transtibial
amputee, this also meant an equal number of trials were completed with the prosthetic and the
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intact limb. If a participant was unsure which limb they preferred, the researcher prompted a
response by asking them “with which limb would you kick a soccer ball?”. The six LGW trials
required the participant to start with their preferred limb three times, followed by their nonpreferred limb three times. Similarly, the OC trials required participants to step over three
obstacle heights with each limb crossing the obstacle at each height 3 times, for a total of 18
trials (Table 2.2 and Figure 2.7).
Table 2.2: Breakdown of the experimental trials by obstacle height and limb.
Level Ground

5 cm

15 cm

25 cm

Preferred Limb

x3

x3

x3

x3

Non-preferred
Limb

x3

x3

x3

x3

Figure 2.7: Example of a participant stepping over an obstacle.
The three heights for obstacle crossing were 5 cm, 15 cm, and 25 cm. These heights were
chosen based off of the average curb height in Ontario, 15 cm (Government of Ontario, 2016); 5
cm and 25 cm allowed both a high and a low obstacle height to be analyzed. The shortest
participant in this study was 165 cm, while the tallest participant was 195 cm. The relative height
of the obstacle as a percentage of the individuals’ body height is shown in Table 2.3. Further, the
height of the transtibial amputee was 180 cm and the relative height of the obstacle as a
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percentage of his body height is shown in comparison to the shortest and tallest young adult
participants’ in Table 2.3.
Table 2.3: Relative height of the obstacle as a percentage of the tallest (195 cm) and shortest
(165 cm) individuals' height, as well as the height of the TTA participant (180 cm).
5 cm

15 cm

25 cm

165 cm

3.03%

9.09%

15.15%

195 cm

2.56%

7.69%

12.82%

180 cm

2.77%

8.33%

13.88%

The obstacle crossing apparatus was built out of wood and the obstacle itself was a 48inch wooden dowel that was ¼ of an inch in diameter. The obstacle was designed so that it was
free sitting upon the supports at the three obstacle heights (Figure 2.8). The apparatus was
designed to limit the risk of falling, such that if the participant were to make contact with the
obstacle it would fall off of the racks (similar to that of a high jump beam). Throughout the entire
duration of testing a lab assistant stood beside the participant, acting as a spotter, in case of a
situation where the participant appeared to lose balance. No participants experienced a fall.

Figure 2.8: Representation of the obstacle crossing apparatus, with three obstacle heights (5 cm,
15 cm, and 25 cm).

38

2.4 Data Processing
The raw force plate data along with the kinematic marker data were collected using NDI
First Principles software. This software simultaneously collected the kinematic and force plate
data, whereas the pressure insole data was collected using Medilogic software. Further, a
computer software program called Optofix (Mishac Inc., Waterloo, ON) was used to process the
signal of all the kinematic marker data. This software used a cubic spline algorithm to fill in any
small gaps in the data where location information was not collected. This may occur due to a
limb temporarily blocking a marker during gait. The cubic spline method takes 4 points of data
prior to a gap in the data and 4 points following the gap to estimate the trajectory of the marker,
therefore allowing a continuous signal. The marker locations were then used to calculate the
COM.
Pressure insole data was processed following data analysis in a custom computer
software program. A raw unit value was automatically exported from the Medilogic software and
therefore a conversion factor needed to be applied; this converted the raw unit to a usable
pressure measurement value in N/cm2. This equation was provided by Medilogic (Schonefeld,
Germany).
As previously mentioned, a predetermined number of steps were performed to ensure an
exact number of steps were taken prior to obstacle crossing. This allowed for the kinematic,
kinetic and pressure insole data to be analyzed in unison (see Figure 2.9).
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Figure 2.9: Overlap of kinematic, kinetic and pressure insole data and how the appropriate
analysis window was determined.
2.5 Data Analysis
A custom analysis software program written in Microsoft Visual Basic, permitted the
calculation of specific outcome variables, which could then be further analyzed. The analysis
window consisted of heel contact of the fourth step (the limb to make contact on FP1, also
identified as the trail limb) to toe off of the contralateral limb following obstacle crossing
(referred to as the lead limb). This analysis window was determined by the onset and cessation of
the vertical (Fz) ground reaction forces recorded by the three force platforms.
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In order to calculate COM, the fixed kinematic marker data were run through a custom
COM software program. The calculation was based upon the segmental approach used by Winter
(1995) and has been verified and used within the Neuromechanics lab at WLU. The analysis
program used twelve IRED markers to calculate a seven-segment COM, based upon the X, Y,
and Z coordinates of the markers. A COM location was calculated for each segment as a ratio of
its relative mass to total body mass; furthermore, a net COM was calculated as a total of the 7segment COM. The primary focus of the analysis was the lateral displacement of the COM in
relation to the lateral border of the BOS during trail limb single support. Single support was
identified as the duration of trail foot contact with FP 1, while the lead foot was in the swing
phase of the gait cycle. Both maximum and minimum distances (cm) were calculated and
outputted by the analysis program.
Furthermore, the net COP location was calculated using the vertical ground reaction force
(Fz), along with the moments about the medial/lateral (Mx) and anterior/posterior (My) axes.
The COM-COP relationship was therefore determined by calculating the maximum and
minimum distances (m) between the location of the COM and the location of the COP in the
transverse plane over the duration of the analysis window.
Pressure insole data was exported from the Medilogic software to an excel file, where it
was further analyzed in the custom analysis program. The analysis program provided the peak
pressure for each region of the pressure insoles, along with peak total pressure; these outcomes
were calculated during the single support phase of the trail limb, as well as the lead limb.
Secondary outcome measures included calculations of minimum toe clearance (MTC),
step length (SL) and step width (SW). MTC was determined by calculating the distance between
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the lead foot toe marker (located on the 3rd metatarsal) and the vertical height of the obstacle,
when the lead foot toe marker crossed the obstacle. This calculation used the vertical position of
the toe marker, at the instance the lead foot was positioned over the obstacle. Step length was
calculated using the marker positions in the anterior/posterior direction, along with the vertical
force from the force plates. The SL distance was the difference between the marker location of
the heel at midstance on FP 1 to the location of the contralateral heel at midstance on either FP 2
or FP 3. Similarly, step width was calculated using the medial/lateral location of the heel marker
at midstance on FP 1, to the medial/lateral IRED marker location of the heel at midstance of the
lead limb (see Figure 2.10).

Figure 2.10: Visual representation of calculations for step length and step width.
2.6 Statistical Analysis
Post-experiment, a one-way repeated measure analysis of variance (ANOVA) statistical
test was conducted for multiple outcome measures using SAS Studio (Version 9.4), University
Edition. The dependent variables that were analyzed include; minimum M/L COM-BOS,
maximum M/L COM-BOS, minimum M/L COM-COP, maximum M/L COM-COP, total peak
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pressure, step length (SL), step width (SW), and minimum toe clearance height (MTC). The
independent variable throughout all statistical tests was obstacle height. This model allowed for
comparisons of the dependent variables across the four obstacle heights. A Shapiro-Wilk test for
normality was conducted for each variable. If the data was normally distributed the one-way
repeated measures ANOVA was analyzed to determine if there was significance. When a
significant result was found, Tukeys Studentized Range (HSD) post-hoc test was performed to
determine where the significant differences occurred. The degrees of freedom for all statistical
tests were 3 (n-1, where n=4 obstacle heights) and 19 (N-1, where N=20 participants). If the
untransformed data was not normally distributed, a rank-transformation was performed in an
attempt to reach normality; the data was then analyzed to determine if the result was significant,
and where the differences occurred, if any.
The peak regional pressure insole data was analyzed using a two-way repeated measures
ANOVA on SAS Studio (Version 9.4), University Edition. The two independent variables were
obstacle height (level ground, 5 cm, 15 cm and 25 cm), as well as pressure region (regions 1-9),
and the dependent variable was peak pressure per region. Similarly, to the statistical tests
described above, if a significant main effect was found, the Tukey’s Studentized Range (HSD)
post-hoc was performed to determine where the significant difference occurred for both obstacle
height and pressure region (1-9). A least means squares test was also performed to compare the
means between independent variables.
As part of the SAS Studio, University Edition code, which was written for each statistical
test performed, a data set of outliers was provided in the output of results. Any outliers that were
less than two standard deviations were automatically assumed to be due to variation between
trials and individuals. If the standard deviation was above 2, the raw data was analyzed to
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determine if the variation could be a true value or if it was a collection error. A conservative
approach was taken, and no outliers were removed from the data, as the values may be a true
representation of what occurred during each trial.
No statistical tests were performed for the TTA due to the nature of a case study. The
data was organized using Microsoft Excel to allow calculations of the means and standard
deviations for each outcome variable; data were separated by obstacle height. The variables
analyzed for the TTA were the same as those for analyzed for the young adults: maximum,
minimum and range of the distance of the COM-BOS to the lateral border (cm); maximum,
minimum and range of the distance of the COM-COP (cm); total pressure of the trail limb and
total peak pressure per region of the pressure insoles (regions 1-9); step length (SL), step width
(SW), and minimum toe clearance height (MTC). The mean distances for the outcome measures
were compared across the four obstacle heights: level ground walking, 5 cm, 15 cm and 25 cm.
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Chapter 3: Results
3.1 Young Adults
3.1.1 COM-BOS
The maximum M/L COM-BOS showed a statistically significant main effect of obstacle
height (F3,19=10.14, p<0.0001), though Tukeys’ Studentized Range determined there was no
significant effects of height (p>0.05). The minimum M/L COM-BOS showed no significant
effect of height (F3,19=0.95, p=0.42).
3.1.2 COM-COP
The maximum M/L COM-COP had a statistically significant main effect of obstacle
height (F3,19=2.97, p=0.0393), however, the Tukey’s Studentized Range (HSD) found no
significant differences between obstacle heights (p>0.05).
The minimum M/L COM-COP had a statistically significant effect of obstacle height
(F3,19=8.61, p<0.0001). Tukey’s HSD post-hoc determined that the minimum M/L COM-COP
was significantly smaller at an obstacle height of 25 cm (4.0 ± 2.8) than level ground walking
(5.0 ± 2.9) (p<0.05) (Figure 3.1).

45

Young Adults minimum M/L COM-COP
10

*

8
6

Distance (cm)
4
2
0
Level Ground

5 cm

15 cm

25 cm

Obstacle Height

Figure 3.1: Mean (SD) minimum medial/lateral COM-COP distance (cm) across the four
obstacle conditions (level ground, 5 cm, 15 cm and 25 cm).
3.1.3 Pressure Variability
Obstacle height had a statistically significant main effect on peak total pressure of the
trail limb (F3,19=56.11, p<0.0001). Tukey’s HSD post-hoc determined that peak total pressure
during level ground (1060.3 ± 287.3) was statistically lower than the three obstacle crossing
conditions (1219.8 ± 335.8; 1268.5 ± 342.1; 1282.5 ± 346.5) (p<0.05). Further, there was no
significant difference between obstacle heights 5 cm and 15 cm, as well as 15 cm and 25 cm
(p>0.05) (Figure 3.2).
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Figure 3.2: Mean (SD) trail peak pressure (N/cm2) of young adults across the four obstacle
crossing conditions (level ground, 5 cm, 15 cm and 25 cm).
The peak regional pressure data had a significant interaction between obstacle height and
pressure region (F3,8=10.10, p<0.0001). Tukey’s HSD post-hoc determined there was a
statistically significant difference (p<0.05) in regional pressure between obstacle heights: level
ground and 5 cm, level ground and 15 cm, level ground and 25 cm, 5 cm and 15 cm, as well as 5
cm and 25 cm. Tukey’s HSD post-hoc also determined there were statistically significant
differences (p<0.05) between all pressure regions except for between regions: 4 and 5, 8 and 9.
The least square means comparing pressure region and obstacle height showed that there were no
significant changes in peak pressure in regions 3, 4, 5, and 6 across all obstacle conditions and
level walking. Pressure regions 1, 2, 7, 8, and 9, on the other hand all showed significantly
increased peak pressure during all obstacle crossing heights compared to level ground walking
(p<0.05) (Figure 3.3).
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Figure 3.3: Peak regional pressure (N/cm2) of regions 1-9 of the trail limb across the four
obstacle conditions (level ground, 5cm, 15cm and 25cm).
3.1.4 Secondary Outcome measures
The variable SL had a statistically significant main effect of height (F3,19=12.00,
p<0.0001). Tukey’s HSD post-hoc found the SL for obstacle crossing tasks 5 cm, 15 cm, and 25
cm (81.2 ± 4.2; 81.3 ± 4.6; 80.3 ± 5.3) to be significantly greater than level ground walking (76.7
± 4.0) (p<0.05) (Figure 3.4). The variable step width did not show a statistically significant main

effect of obstacle height (F3,19=2.13, p=0.1068). Minimum toe clearance had a statistically
significant effect of obstacle height (F3,19=300.72, p<0.0001). Tukey’s HSD post-hoc revealed
that all conditions (level ground, 5 cm, 15 cm and 25 cm) were significantly different from one
another (p<0.05). Level ground walking had the lowest MTC (4.8 cm ± 1.6 cm), while the 5 cm
obstacle had the largest toe clearance (20.7 cm ± 3.5 cm). As obstacle height increased the toe
clearance height decreased (Figure 3.5).
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Figure 3.4: Mean (SD) step length distance (cm) of the young adults across the four obstacle
crossing conditions (level ground, 5 cm, 15 cm and 25 cm).
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Figure 3.5: Mean (SD) minimum toe clearance distance (cm) of young adults across the four
obstacle conditions (level ground, 5 cm, 15 cm and 25 cm). Obstacle height = height of foot (cm)
– height of obstacle (cm) = toe clearance height (cm). LG = 4.7-0 = 4.7cm; 5cm = 25.7-5 =
20.7cm; 15cm = 32.8-15 = 17.8cm; 25cm = 39.3 – 25 = 14.3cm.
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3.2 Comparative Data Between Young Adults and a Transtibial Amputee
3.2.1 COM-BOS
The maximum and minimum COM-BOS distances for both young adults and the
transtibial amputee appear to follow a relatively similar pattern, although the transtibial amputee
demonstrated smaller maximum and minimum M/L COM-BOS distances (Figure 3.6 and 3.7).
The TTA appears to have an increased range between maximum and minimum COM-BOS
distances as the height of the obstacle increased. Further, the TTA maximum M/L COM-BOS
appeared to have less variation than the YA across all the four conditions, while the TTAs
minimum M/L COM-BOS distance appears to be similar to that of the young adults across the
four conditions.

Figure 3.6: Mean (SD) maximum medial/lateral COM-BOS distance (cm) for the transtibial
amputee across four obstacle crossing conditions (level ground, 5 cm, 15 cm and 25 cm),
compared to YA.
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Figure 3.7: Mean (SD) minimum medial/lateral COM-BOS distance (cm) for the transtibial
amputee for the four obstacle crossing conditions (level ground, 5 cm, 15 cm and 25 cm),
compared to YA.
3.2.2 COM-COP
The TTA demonstrated smaller maximum M/L COM-COP distances across all
conditions compared to the YA, although the pattern of maximum M/L COM-COP distances
remained similar across all of the obstacle height conditions and level ground walking (Figure
3.8). The minimum COM-COP distance also appeared to have a similar pattern between the TTA
and the young adults, except at the highest obstacle height of 25 cm (Figure 3.9). At 25 cm, the
TTA appeared to have a decreased minimum M/L COM-COP compared to level ground walking
and obstacle crossing at either 5 cm or 15 cm. This finding coincided with the findings of the
young adults.
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Figure 3.8: Mean (SD) maximum medial/lateral COM-COP distance (cm) for the transtibial
amputee across the four obstacle crossing conditions (level ground, 5 cm, 15 cm and 25 cm),
compared to YA.

Figure 3.9: Mean (SD) minimum medial/lateral COM-COP distance (cm) for the transtibial
amputee across the four obstacle crossing conditions (level ground, 5 cm, 15 cm and 25 cm),
compared to YA.
3.2.3 Pressure Variability
The mean peak pressure over the six trials for each obstacle height did not appear to
differ greatly. The peak pressure ranged from 736.3 N/cm2 (level ground) to 814.2 N/cm2 (25
cm), showing no trend of a consistent increase as obstacle height increased (Figure 3.10). It is
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difficult to speculate whether the results of the TTA imitate those of the YA, however it appears
the TTA did not show the same increase in pressure across the three obstacle crossing conditions
compared to level ground walking.

Figure 3.10: Mean (SD) trail peak pressure (N/cm2) for the TTA across the four obstacle
crossing conditions (level ground, 5 cm, 15 cm and 25 cm) compared to YA.
The regional peak pressure of the trail limb during the four obstacle crossing conditions
appeared to show a pattern of increased pressure from level ground walking to all three obstacle
crossing conditions for regions 1, 2, 5, 7, and 8. Pressure region 9 on the other hand appeared to
increase form level ground walking to obstacle crossing at 5cm, however the pressure then
appeared to decrease consistently as obstacle height continued to increase. Pressure regions 3, 4,
and 6 appeared to have no meaningful difference between all four conditions (Figure 3.11).
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Figure 3.11: Mean regional peak pressure (N/cm2) of the trail limb for the TTA across the four
obstacle crossing conditions (level ground, 5 cm, 15 cm and 25 cm), compared to YA.
3.2.4 Secondary Outcome Measures
The step length for this individual demonstrates an increase in step length distance as the
height of the obstacle increased (Figure 3.12). The step length was smallest at level ground
walking (77.1 cm ± 1.7 cm), and increased to 84.8 cm ± 1.9 cm, 86.8 cm ± 1.4 cm, and 88.0 cm
± 2.3 cm, for obstacle heights 5 cm, 15 cm. and 25 cm respectfully (Figure 3.12). The TTA step
length pattern appears very similar to that of the YA, and suggests that the TTA had larger step
length distance as obstacle height increased compared to the YA.
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Figure 3.12: Mean (SD) step length distance (cm) for the transtibial amputee across the four
obstacle crossing conditions (level ground, 5 cm, 15 cm and 25 cm), compared to YA.
This individuals’ step width was lowest at level ground walking (9.6 cm ± 1.7 cm), and
continually increased as obstacle height increased to a max distance of 13.2 cm ± 4.5 cm (see
Figure 3.13). The TTA also appeared to have smaller step width distances across all conditions
compared to the young adults.

Figure 3.13: Mean (SD) step width distance (cm) for the transtibial amputee across the four
obstacle crossing conditions (level ground, 5 cm, 15 cm and 25 cm), compared to YA.
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The minimum toe clearance of this participant was smallest during level ground walking
(5.7 cm ± 0.7 cm), and was greatest at 5 cm (16.4 cm ± 1.9 cm), followed by a continual
decrease as obstacle height increased (Figure 3.14). The MTC pattern of the TTA emulates that
of the YA, however the MTC height of the TTA was larger than the YA during level ground
walking, and then smaller than the YA across all three obstacle crossing conditions.

Figure 3.14: Mean (SD) minimum toe clearance distance (cm) for the transtibial amputee across
the four obstacle crossing conditions (level ground, 5 cm, 15 cm and 25 cm), compared to YA.
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Chapter 4: Discussion
The increased risk of falling during obstacle crossing necessitates the need for research
that focuses on understanding the dynamic stability of individuals during such tasks. This study
was designed to attempt to answer three main research questions. To examine how the height of
an obstacle during gait influences an individuals’ ability to maintain stability. Secondly, to
examine how obstacle height effects the plantar pressure distribution under the foot, and finally
to examine the similarities and/or differences between young adults and an individual with a
transtibial amputation. This study aimed to address these research questions through analysing
dynamic stability, recognized as the COM-BOS relationship and the COM-COP relationship, as
well as the peak and regional plantar pressure distribution. It was hypothesized that dynamic
stability would decrease (the individual would become less stable) as obstacle height increased.
Specifically, the M/L COM-BOS relationship would decrease, the M/L COM-COP relationship
would increase, and peak pressure variation in the nine regions of the trail limb would increase,
all as obstacle height increased. Supplementary examinations included step length, step width
and minimum toe clearance for both the young adults and the individual with a transtibial
amputation. Furthermore, novel information was obtained through the use of pressure insoles
when analyzing the stability of young adults during an obstacle crossing task.
The results from the young adults and the transtibial amputee cannot be directly
compared as major differences exist between the two populations. However, an objective of this
thesis was to identify areas of similarity and/or differences that exist between a young adult
population free of any neurological, cognitive or other disorders that may affect balance, and an
individual with a transtibial amputation, using the Ossur Pro-Flex XC prosthesis. This thesis
provided an opportunity to gain a better understanding of how gait and dynamic stability during
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obstacle crossing may be influenced by the use of a prosthesis. Therefore, it is acknowledged
that the results of the single transtibial amputee case study does not reflect all individuals with a
transtibial amputation or even those with a transtibial amputation, that utilize the same
prosthesis. There are numerous variables that influence a transtibial amputees’ ability to
ambulate and maintain dynamic stability during obstacle crossing, therefore caution is used when
discussing the findings of the case study.
4.1 Dynamic Stability
As previously discussed, dynamic stability was measured through the analysis of the
lateral stability margin (the relationship between the centre of mass (COM) and the base of
support (BOS)) as well as through the analysis of the COM and the centre of pressure (COP). By
analyzing both of these outcome measures, a more complete understanding of how an individual
maintains their balance can be achieved.
4.1.1 Lateral Stability Margin (COM-BOS)
It was hypothesized that as obstacle height increased, the M/L distance between the COM
and BOS would decrease; in order for this to occur the minimum M/L distance of the COM-BOS
would have had to significantly decrease. For the young adults however, obstacle height did not
significantly affect the M/L COM-BOS; this coincides with similar findings by Chou et al.
(2001) and MacLellan & Patla (2006). These researchers found the M/L distance of the COM in
relation to the BOS was not significantly affected by obstacle height for young adults during
obstacle crossing trials at 2.5, 5, 10 and 15% of a participant’s height, as well as during obstacle
crossing on a compliant surface. By maintaining a relatively similar M/L COM-BOS distance,
where the COM remained away from the lateral limit of the BOS, YA may be more adept at
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maintaining their line of progression and therefore capable of stepping over obstacles with a
decreased risk of falling (Chou et al., 2001). The maintenance of the COM-BOS relationship
may be accounted for by the YA ability to generate greater external adduction of the hip, greater
internal and external rotation of the knee, hip and ankle, and greater flexion of the hip and knee
when stepping over obstacles of increasing heights when compared to older adults (Chou &
Draganich, 1997; Lu et al., 2006).
The TTA displayed a small decrease in the minimum M/L distance of the COM-BOS as
obstacle height increased. For each obstacle condition, the TTA had a smaller M/L COM-BOS
distance compared to the YA (see supplementary Table 1, in appendix E), which indicates that
he may have been more unstable compared to the YA population. An individual with a transtibial
amputation does not have the same musculature surrounding the ankle joint on the side of the
prosthetic limb, that an individual without an amputation would typically have, therefore the
TTA does not have the same capability to stabilize his limb during gait as well as an obstacle
crossing task (Maki & McIlroy, 1996; Vanicek, Strike, McNaughton, & Polman, 2009). The M/L
COM-BOS distances of the TTA remained relatively similar from 15cm to 25cm, which could
indicate that the same effective stepping strategy was utilized to minimize the M/L movement of
the COM, thereby decreasing his risk of tripping and therefore falling.
4.1.2 COM-COP Relationship
It was hypothesized that the M/L distance between the COM and COP would increase as
obstacle height increased. In order for this hypothesis to be true, the maximum M/L distance of
the COM-COP would have to significantly increase. The YA results however, show that there
was no statistically significant main effect of obstacle height on the maximum distance of the
COM-COP. Alternatively, the minimum M/L COM-COP distance significantly decreased as
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obstacle height increased. This contradicts previous research, which has found no effect of
obstacle height on the medial/lateral COM distance in relation to the COP (Chou et al., 2001;
Hahn & Chou, 2004; Huang et al., 2008; Wang, Chen, & Lu, 2007). This indicates that the
young adults utilized an effective obstacle crossing strategy, allowing them to remain more
stable as obstacle height increased; this was comprised of decreasing the M/L distance between
the COM and COP. Some researchers believe that COM velocity (COMv) may be a more a
valuable indicator of dynamic stability within certain populations, rather than M/L COM positon
alone (Chou et al., 2001; Hahn & Chou, 2004). To further examine the decrease in M/L COMCOP, the COM velocity was analyzed for each corresponding obstacle height. The COMv was
statistically different between level ground walking and obstacle crossing at 5 cm (level walking
0.206 m/s ± 0.16, 5 cm 0.25 m/s ± 0.18, p<0.05), and obstacle crossing at 15 cm and 25 cm (15
cm 0.27 m/s ± 0.15, 25 cm 0.26 m/s ± 0.15, p<0.05). This indicates that the YA had the slowest
COMv during level ground walking and obstacle crossing at 5 cm, further, the COMv increased
during obstacle crossing at 15 cm and 25 cm. Hahn & Chou (2004) found similar results and
concluded that the M/L velocity of the COM increased as obstacle height increased. During both
normal level walking and obstacle crossing the COM position cycles from medial to lateral to
allow weight transfer from double support to single support. When this occurs the COM and
COP distance decreases, resulting in a more unstable environment. The increased COMv may
have been a strategy utilized by the YA to limit the amount of time in a less stable position
(single support) and may therefore suggest that an effective stepping strategy was used to avoid
making contact with the obstacle. The discrepancy in M/L COM-COP results between the
current study and previous literature may be accounted for by the variation in gait patterns
between participants in this study and participants in previous literature.
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When comparing the maximum and minimum M/L COM-COP distances between the
TTA case study and the young adults, the TTA had consistently smaller distances across all
obstacle heights. It is difficult to speculate whether this was a more conservative approach during
obstacle crossing, compared to young adults, or the result of a lack of musculature surrounding
the ankle joint on the side of the prosthetic limb. In order for the individual with a TTA to
maintain balance, he may have had to incorporate varying inter-limb strategies compared to the
young adults (Bolger, Ting, & Sawers, 2014; Vrieling et al., 2007; Vrieling et al., 2008). Interlimb strategies that have been previously reported include: increased A/P peak ground reaction
force of the intact limb compared to the prosthetic limb, a reliance on the intact limb, decreased
risk of foot contact when leading with the intact limb, increased loading on the intact limb, and
increased muscular activity of the intact limb (Bolger et al., 2014; Vrieling et al., 2007; Vrieling
et al., 2008). Furthermore, individuals with a TTA have been found to produce an equivalent
magnitude of force in both the vertical and medial/lateral direction as young adults, which may
explain why greater differences between the young adults and the transtibial amputees’ COMCOP were not seen (Bolger et al., 2014). Finally, the TTA results appear to imitate similar
findings on older adults and obstacle crossing. Huang et al. (2008) found the M/L distance
smaller (the centre of mass remained closer to the centre of pressure) as obstacle height increased
for older adults, compared to young adults, which acted as a method to increase stabilization and
decrease the risk of falling.
4.2 Changes in Pressure Data During Obstacle Crossing
4.2.1 Total Peak Pressure of the Trail Limb
For the YA, the peak pressure of the trail limb significantly increased as obstacle height
increased; more specifically the three obstacle heights significantly differed from level ground
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walking. This may be the result of the YA distributing more weight onto their supporting limb or
applying more pressure to the ground in order to achieve successful foot clearance and obstacle
crossing with the contralateral limb as obstacle height increased. Additionally, the participants
may have increased their acceleration in the anterior/posterior direction, which would therefore
influence the amount of total peak pressure applied on the trail limb. Menz & Morris (2006) note
that there are multiple factors that influence pressure patterns (walking speed, cadence, step
length, height and weight of participant, foot posture, range of motion of foot joints, relative
metatarsal length and hallux valgus deformity), therefore the three previously mentioned factors
(increased weight transfer to the trail limb, increased pressure applied to the trail limb, and
increased anterior/posterior acceleration during obstacle crossing) may only partially explain the
variation in pressure during the four obstacle crossing conditions.
In comparison to the young adults, the transtibial amputee had consistently lower total
peak pressure across the four conditions (see supplementary Table 1, appendix E). As obstacle
height increased the amount of variation appeared to also increase, compared to level ground
walking. The fact that the TTA had a lower total peak pressure compared to YA, with increasing
amounts of variation, supports the idea that the TTA had adapted a gait pattern similar to OA;
Kernozek & LaMott (1995) found YA to have significantly greater plantar pressure compared to
OA. Total peak pressure provides a generalized overview of the pressure changes that may exist
due to the various trial conditions, however total peak pressure has the potential to show no
differences in pressure, when differences may actually exist. To elaborate, the total peak pressure
may remain the same, although the distribution of that pressure may significantly change under
the foot. Regional peak pressure may provide more specific knowledge on the variability of
pressure distribution, rather than total peak pressure.
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4.2.2 Regional Peak Pressure of the Trail Limb
Similar to peak pressure described above, the regional peak pressure across nine regions
under each foot is novel information that may provide further insight into the dynamic stability
of young adults and a transtibial amputee. The young adults were found to have significantly
higher peak pressure in regions 1, 2, 7, 8 and 9 for the three obstacle heights, compared to level
ground walking; this coincides to the big toe, lesser toes, lateral midfoot, and lateral and medial
calcaneous respectfully (Figure 4.1). These results demonstrate that as the obstacle height
increased the YA landed with greater impact on both the medial and lateral aspects of the heel on
the trail limb prior to obstacle crossing, which was then transferred to the lateral aspect of the
midfoot, and finally to the toes, in comparison to level ground walking. The increase in pressure
under the heel region may have been an anticipatory strategy utilized by the YA to provide
greater breaking force prior to obstacle crossing; this may have been an attempt to slow their
forward momentum enough to allow for a more conservative approach to crossing the obstacle.
The increased pressure on the lateral aspect of the midfoot may suggest a second adaptive
strategy used by the YA to transfer more of their weight to lateral border of the foot, therefore
increasing their trunk lean, to allow greater hip mobility and ultimately foot clearance, thus
making it easier for the contralateral limb to sufficiently step over the obstacle and avoid making
foot contact. Finally, the increased pressure under the toes suggests that an increased amount of
force was needed to provide the trail limb with ample distance to avoid contact with the obstacle
as obstacle during the trail limb swing phase. The movement of pressure to the lateral aspect of
the foot during obstacle crossing contradicts early research by Hutton & Dhanendran (1979). The
researchers analyzed 74 participants and found the normal pressure distribution under the foot to
typically initiate from the proximal aspect of the heel, proceeding over the medial aspect of the
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midfoot to the second metatarsal head, and finishing at the lateral border of the big toe. The
change in pressure to the more lateral aspects of the foot may therefore be due to an adaptive
mechanism to effectively step over obstacles of increasing height for these young adults.
The transtibial amputee displayed irregular trends of peak pressure within the nine
regions during the four obstacle crossing conditions. As previously discussed regions 1, 2, 5, 7,
and 8 (big toe, lesser toes, lateral metatarsals, lateral midfoot and medial calcaneus respectfully)
appeared to show a similar increase from level ground walking to obstacle crossing as seen in the
YA results (see supplementary Table 2, appendix E). However, when examining region 9 (lateral
calcaneus), it appears the largest increase occurred between level ground walking to the 5 cm
obstacle, but not at obstacle heights of 15 cm and 25 cm. Previous research which has analyzed
the various pressure regions during level ground walking between YA and OA has found no
difference in the loading of the heel region (regions 8 and 9) between OA and YA (Kernozek &
LaMott, 1995). The strategy utilized by the TTA demonstrates an overall increase in pressure the
medial aspect of the foot at impact, which was transferred to the lateral aspect of the foot from
heel contact to toe off. Older adults have been found to exert less pressure on the medial aspects
of the foot, which suggests that they prefer to weight bear on the lateral aspect of the foot during
normal level walking (Hessert et al., 2005). The pressure distribution of the TTA partially
resembles that of OA, however difference do exist. These findings may be due to the pressure
pattern of this individual and likely does not represent all TTA, therefore, without a larger
sample size it is difficult to correlate the differences in pressure directly to the use of a
prosthesis.
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Figure 4.1: Insole mapping of the right Medilogic pressure insole, indicating the 9 regions: 1)
big toe 2) tarsals 3) medial metatarsals 4) central metatarsals 5) lateral metatarsals 6) medial
mid-foot 7) lateral mid-foot 8) medial calcaneus 9) lateral calcaneus.
4.3 Secondary Factors Influencing Dynamic Stability
4.3.1 Minimum Toe Clearance
Previous research has found minimum toe clearance (MTC) is vital to determining the
risk of experiencing a trip; if sufficient toe clearance is not achieved, an individual is more likely
to trip and experience a fall (H. C. Chen et al., 1991; Lu et al., 2006; MacLellan & Patla, 2006;
Patla & Rietdyk, 1993). MTC of the young adults, was significantly lowest during level ground
walking and largest during obstacle crossing at a height of 5 cm. As obstacle height increased the
MTC significantly decreased. This demonstrates that YA utilized a more conservative approach
when stepping over the lowest obstacle, and were shown to become less conservative as obstacle
height increased. Contradictory findings in previous research make it unclear as to how MTC
may be influenced during obstacle crossing. Patla & Rietdyk (1993) and MacLellan & Patla
(2006) found MTC to increase as obstacle height increased, whereas Chou & Draganich (1997),
Lu et al. (2006) and Sparrow, Shinkfield, Chow, & Begg (1996) found MTC of YA to remain
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relatively constant regardless of obstacle height. The findings form the present study may be the
result of the study design, or the method of data analysis.
The TTA demonstrated a very similar pattern of MTC as the YA. The TTA smallest toe
clearance occurred during level ground walking, and again was largest during obstacle crossing
at 5cm. Furthermore, the MTC of this individual showed a consistent decrease in MTC as
obstacle height increased from 5 cm to 25 cm, similar to the YA. The TTA did however maintain
an overall smaller MTC height during all obstacle crossing conditions, except for during level
ground walking in comparison to the YA. Looking merely at MTC would suggest that this
individual had a less conservative approach to obstacle crossing than YA. Previously, the
primary investigator compared the behaviour of the TTA to older adults, however this finding
contradicts findings by Lu et al. (2006) who found that MTC was greater for older adults than for
younger adults. This may be due to the lack of a larger sample size, however as the finding
coincides with the results of the young adults, these differences may be due to differences in
analysis and calculations of MTC, as well as the study design, compared to previous research.
4.3.1 Step Length and Step Width
Step length (SL) and step width (SW) are secondary measures that may indicate the
likelihood of a fall occurring; by increasing SL and/or SW an individual increases the size of
their base of support, which may lead to a decrease in the risk of a fall occurring. Findings from
the YA showed that SL during the three obstacle crossing conditions was significantly greater
than level ground walking; furthermore, there was no significant effect of obstacle height on SW.
Once again there is contradictory evidence from previous literature on the effects of obstacle
height on SL and SW. The results of the current study support some of the previous work by H.
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C. Chen et al. (1991) and Hahn & Chou (2004) who found SL and SW to increase as obstacle
height increased for YA when compared to OA. Additionally, Lu et al., (2006) found
contradictory evidence of the SL decreasing linearly with obstacle height for both young and
older adults. Chou et al. (2001) along with Sparrow et al. (1996) found no effect of obstacle
height on SL or SW. The findings of the present study suggest that the increase in SL acted as an
effective strategy that increased stability and potentially decreased the risk of a fall occurring.
The TTA, once again appeared to produce a similar trend in SL and SW as the YA group.
Step length and SW were both lowest during level ground walking, and appeared to show a
possible increase as obstacle height increased. The transtibial amputee did have larger step
lengths and smaller step width distances across all conditions, compared to the YA. This may
indicate a potential instability for the TTA in the anterior/posterior direction, which causes this
individual to step further when crossing the obstacle. Furthermore, the increase in SW distance
for this individual may have been a compensatory mechanism to increase the size of the base of
support as step length increased. A second potential explanation may be that the TTA is
attempting to use a more conservative approach for obstacle crossing compared to the YA, and
therefore takes a larger step to ensure no contact is made with the obstacle during obstacle
crossing. This finding would likely change if a larger sample size of TTA participants were
collected and a mean SL and SW were calculated. These findings therefore may be the results of
the individuals gait pattern and are likely not representative of all TTA. Due to the
inconsistencies of previous literature it is challenging to relate the TTA findings to the
behaviours of older adults and/or the young adults in this study.
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Chapter 5: Conclusion
The young adults showed no significant effects of obstacle height on the COM-BOS
relationship, the maximum M/L COM-COP relationship and step width. As obstacle height
increased, minimum M/L COM-COP significantly decreased, and total peak pressure
significantly increased (three obstacle crossing conditions significantly differed compared to
level ground walking). Furthermore, pressure in the heel, lateral midfoot and toe regions of the
trail limb significantly increased as obstacle height increased (three obstacle crossing conditions
significantly differed compared to level ground walking). Additionally, MTC was significantly
lowest at level ground walking, while largest at the 5cm obstacle height, and then significantly
decreased as obstacle height continued to increase. Lastly, step length significantly increased as
obstacle height increased compared to level ground walking.
In summation, the decrease in M/L COM-COP distance coincides with the lateral
distribution of pressure, as seen in the regional peak pressure of the trail limb. As the weight
transferred to the lateral border of the trail limb during obstacle crossing, the COM distance
moved closer to the COP; this increased the YA stability, and acted as an effective strategy to
allow clearance of the lead limb over the obstacle. Furthermore, the COM was found to remain
within the BOS, providing further evidence that the YA were able to maintain their line of
progression and their stability during obstacle crossing. Finally, even though MTC decreased as
obstacle height increased, the YA compensated for the less conservative strategy by increasing
their step length, thus ensuring sufficient foot clearance of the obstacle. Ultimately, it was
through a combination of the aforementioned events, which allowed the young adults to
successfully maintain stability and complete the obstacle crossing trials without a trip or fall
occurring.
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The transtibial amputee demonstrated some similarities to the young adults, however
difference do appear to exist. Overall, the transtibial amputee had smaller COM-BOS distances,
smaller COM-COP distances, lower total peak pressure, smaller MTC distances, and smaller step
width, in comparison to the young adults. Even though the values differ, this individual appeared
to show similar trends across the four conditions for the regional peak pressure, MTC distance,
step length and step width, when compared to the young adults.
The TTA appeared to have a small increase in the maximum COM-BOS distance across
all obstacle crossing conditions, while the minimum COM-BOS distance appeared to decrease.
This suggests that the overall range of the COM within the BOS may have increased as obstacle
height increased. This finding in conjuncture with the TTA having smaller COM-BOS values,
MTC distances, step width distances, and peak pressure, compared to the YA, might imply the
TTA was less stable during obstacle crossing compared to the YA. Regardless of the fact the
transtibial amputee may have been less stable, this individual was able to utilize an effective
strategy, which allowed for obstacle crossing to occur without experiencing a trip or fall.
5.1 Limitations
When interpreting this data several considerations need to be taken into account. Firstly,
due to difficulties with recruitment, this thesis only examined a single transtibial amputee case
study. Having a larger sample size would help to strengthen the results and the comparisons that
could be made to the young adults. This identifies another limitation of the study, which was that
with only a single TTA, no statistics could be performed. The challenge with recruitment may
potentially be due to the inability to access a larger target population. Posters were put up in
several clinics, however an individual with a TTA may not return to a clinic for an extended
period of time following an appointment, assuming there are no issues with the prosthetic.
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Ultimately, it is important to remember the results of the TTA case study are an isolated
observation and extrapolation of results should be interpreted with caution.
Secondly, the length of the transtibial amputees’ residual limb was not taken into
consideration during analysis. The length of the residual limb will determine the length of the
moment arm and therefore the amount of force produced during gait. This could have potentially
influenced the gait pattern of this individual and the pressure distribution during obstacle
crossing trials. This study should be looked at as a starting point on pressure data during obstacle
crossing for this particular population and is not indicative of all individuals with a similar
amputation. Ultimately, with only a single participant the results relate solely to this individuals
gait pattern, therefore studies analyzing any more than one participant should take the length of
the residual limb into consideration. Similarly, the properties of the prosthetic limb were not
taken into consideration when analyzing the dynamic stability of this individual during all trials.
There are numerous types of transtibial prostheses available, each consisting of different
properties that might influence the individuals’ ability to ambulate and perform obstacle crossing
tasks.
Moreover, this thesis looked at the global effects of obstacle height on dynamic stability
and failed to analyze specific differences between the individuals preferred versus non-preferred
limb, the confounding variables that may exist due to differences in shoe properties that were
recorded from the footwear assessment tool, as well as if reaching and grasping motions may
have occurred as an adaptive strategy to maintain balance as obstacle height increased.
Furthermore, all experimentation occurred in a laboratory environment and may not be
indicative of a real-world situation. The apparatus was designed to replicate the average height of
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a curb in Ontario, however this design does not allow the researcher to determine any similarities
or differences that exist between stepping over the obstacle and landing on the same level
ground, compared to stepping over an obstacle and landing on a platform of a different height.
This study was successful however at identifying general characteristics of dynamic stability for
various heights in comparison to level ground walking.
Lastly, there were numerous controversial findings within the current study and previous
literature pertaining to the outcome measures: M/L COM-COP, MTC, SL and SW. This thesis
provides one approach to understanding and analysing outcome measures associated with
dynamic stability during obstacle crossing. Furthermore, this thesis offers additional information
on previously reported outcome measures as well as foundational knowledge on certain aspects
of dynamic stability during obstacle crossing among young adults and a transtibial amputee. As
mentioned this thesis utilized one approach, however room for improvement is available.
5.2 Future Considerations
After discussion of the limitations of this thesis, it is without question that future research
would benefit from understanding and exploring the shortcomings of this research. Considering
transtibial amputees account for the largest percentage of lower limb amputees, future research
should attempt to explore with a more holistic approach, the effects of the prosthesis, including
the characteristics and properties of specific prostheses, and how it may influence the users’
dynamic stability. Additionally, future researchers should attempt to gain a more in depth
understanding of the length of residual limb and how it may influence dynamic stability during
obstacle crossing. Furthermore, identifying alternative forms of recruitment may aid in providing
a larger sample size. This would both strengthen the results of the research while adding
supporting statistics.
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As mentioned in the limitations above, future research may benefit from creating a more
natural environment to test the participants. This may include using an obstacle crossing
apparatus commonly found in the environment compared to what has been used in the current
studies. Future research should also analyze the reaching and grasping motions, footwear
characteristics and effects of preferred versus non-preferred limb and the influence these
measures have on dynamic stability during obstacle crossing. Furthermore, through assimilating
the methods and results of the present studies with those from previous research, future
researchers may limit the variation in results and improve the understanding of dynamic stability
during obstacle crossing for both young adults and transtibial amputees.
Future research may wish to consider including analysis of the extrapolated COM, as
well as temporal stability margin measurements. The extrapolated COM takes into account the
COM velocity in relation to the BOS, while the temporal stability margin provides information
for both the amount of time it takes to either reach the limit of the BOS as well as the time it
takes to recover the COM within the BOS. Furthermore, by understanding the relationship
between the extrapolated COM and the temporal stability margin, further knowledge on the
effects of obstacle crossing on an individual’s ability to maintain stability may be achieved (Hof
et al., 2004). Further, future research may want to also analyze the COM velocity in the
anterior/posterior direction as well as the vertical direction. This may help provide a more
thorough understanding of whole body movement in relation to specific phases of gait (i.e.,
single stance), thus allowing for greater insight into the mechanisms of maintaining balance
during obstacle crossing.
Further, the pressure insole data recorded and discussed within this document is novel for
both the young adults and the transtibial amputee during an obstacle crossing protocol. This
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information provides foundational knowledge regarding pressure distribution changes that occur
regionally under the foot during single stance. The information from this study should therefore
be built upon by future researchers to gain a better understanding of the role and integration of
pressure data on balance.
5.3 Concluding Statement
Falls have been identified as the largest risk and leading cause of injury to multiple
populations. Obstacle crossing has further been identified as the number one cause of a trip and
therefore leading cause a fall. This thesis took a comprehensive look at the dynamic stability of
both young adults and a transtibial amputee during level ground walking and obstacle crossing at
heights of 5 cm, 15 cm and 25 cm. This thesis was an attempt to gain a better understanding of
the mechanisms and risk factors associated with falling.
Previous research has examined the stability of young adults during obstacle crossing
task, however there is no research that has looked at the plantar pressure distribution under the
foot in relation to an individual’s stability. This thesis has therefore provided foundational
knowledge of both peak total and peak regional pressure distribution during obstacle crossing of
specific heights for both young adults and an individual with a transtibial amputation. Clinicians
may be able to use this information to better understand the transfer of pressure that occurs as
obstacle heights increases. Further, this information may help clinicians to prescribe exercises to
individuals with an increased risk of falling that would increase their stability on a single leg.
Moreover, this information could potentially influence the way manufacturers develop pressure
insoles and/or footwear.
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The results from this study suggest that the transtibial amputee was less conservative and
perhaps less stable when crossing obstacles compared to the young adults. Further, the
knowledge gained on the transtibial amputee may potentially help clinicians better understand
the possible mechanisms associated with the specific prosthesis for a transtibial amputee, and
therefore may provide increased knowledge for clinicians when assessing and fitting other
individuals with a similar amputation and prosthesis.
Regardless of the variations in control strategies used to maintain dynamic stability
between YA and an individual with a transtibial amputation, the individual with a unilateral
transtibial amputee was able to maintain dynamic stability during level ground walking and
obstacle crossing tasks. Depending on the outcome measure in question, both the YA and the
TTA demonstrated the ability to utilize a conservative approach when obstacle crossing. In
summation both the young adults and the transtibial amputee successfully completed the obstacle
crossing and level ground walking trials without experiencing a fall. This study may therefore
help to identify effective strategies used by both young adults and a transtibial amputee when
crossing obstacles of specific heights.
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Appendix A
PRE-SCREENING QUESTIONNAIRE
VOLUNTEER EXCLUSION CRITERIA

Date: (MM/DD/YYYY):

,

,

Name:
Address:

City, Prov:
Tel #: (

Postal Code
)-

Best time to call:

80

Age:

yrs.

Height:

cm

Weight:

kg

Shoe Size:

Gender: M

F

Type of prosthetic currently being worn: __________________________________________________

Which side is your prosthetic limb:

Left

Right

Which limb is your preferred limb:

Intact

Prosthetic

Bilateral amputation

Length of time that you have been using a transtibial prosthesis: ___________________________________

Length of time using your current transtibial prosthesis: ______________________________________

Cause of amputation:
Trauma
Peripheral Vascular Disease
Diabetes
Infection
Tumours
Limb Deficiency
Other

If other please specify: __________________________________________

Do you currently experience any pain or injury to the intact limb:

Yes

No

Do you require an assistive device to ambulate:

Yes

No

Yes

No

If you answered yes above:
Are you able to ambulate without the use of an assistive device:
If you answered yes above:
How long are you able to ambulate without an assistive device: _________ (minutes)
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List any previous history or experience of falling:

Please check ( √ ) if applies

Do you have or have you ever had:
a)

paralysis

b)

epilepsy

c)

cerebral palsy

d)

multiple sclerosis

e)

Parkinson's disease

f)

stroke

g)

any other neurological disorder

h)

diabetes

i)

problem with your vision that isn't corrected by glasses

j)

cataract surgery

k)

a balance or coordination problem

l)

an inner ear disorder

m)

hearing problems

n)

constant ringing in your ears

o)

ear surgery

Please check if applies

Do you have or have you ever had :

How much does the condition
interfere with your activities?

Y/N

little
or none

a)

problems with your heart or lungs

Select

b)

high blood pressure

Select

c)

blood circulation problems (generally)
(specifically lower extremities)

Select
Select

mod

a great
deal
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d)

cancer

Select

e)

arthritis

Select

f)

rheumatism

Select

g)

back problems

Select

h)

a joint disorder

Select

i)

a muscle disorder

Select

j)

a bone disorder

Select

k)

spina bifida

Select

If yes, please explain: ____________________________________________________________________

Do you have a current orthopaedic disorder other than your amputation?

Yes

No

If yes, please explain: ____________________________________________________________________

Have you ever severely injured or had surgery on your
a)

head

Select

b)

neck

Select

c)

back

Select

d)

pelvis

Select

e)

ankle, knee, or hip joints?

Select

How much does the condition
interfere with your activities?

Y/N

little
or none

Have you ever broken any bones?

mod

a great
deal

Select
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Which ones? :

____________________

Have you had any recent (specify)
a) illnesses

Select

b) injuries

Select

c) operations

Select

Do you have difficulties performing any daily activities?

Which activities?

Select

_________________________

Are you currently taking any medications (prescription or over-the-counter), or other drugs?

Medication

Ailment

Frequency of use

If the primary investigator deems that you do not meet the criteria of this study, you have the option to have this document returned to
you, or to have the document destroyed.

84

Appendix B

85

86

Appendix C
INFORMED CONSENT STATEMENT
WILFRID LAURIER UNIVERSITY
INFORMED CONSENT STATEMENT
Dynamic stability of transtibial amputees: The effects of a perturbation during gait
Principle Investigator: Colin Kirst
Supervisor: Dr. Stephen Perry, Professor and Faculty Researcher
You are invited to participate in a research study. The purpose of this study is to determine the
dynamic stability of transtibial amputees and a young adult population when performing an
obstacle clearance task at three specified heights and during level ground walking.
INFORMATION
During the testing session, you will be asked to walk along a 10 meter walkway and perform an
obstacle crossing task. Plantar pressures, forces, centre of mass (COM), and marker position data
will be collected from each participant. You will be fit with pressure sensing insoles that will be
placed within your shoes, which will be worn during data collection, as well as equipped with 16
Infrared (Ired) markers in order to capture the movement of the body. Participants aged 20-65
will be given the opportunity to practice walking along the walkway at a self-selected pace to
ensure equipment is not disrupting their normal gait pattern. You will then be asked to complete
6 level ground-walking trials. Following these trials you will be asked to complete 18
randomized obstacle-crossing trials at three varying heights (0.05m, 0.15m, and 0.25m). A lab
assistant will walk alongside the participant during each trial to act as a spotter.
The testing session will take approximately 1 hour for each participant.
Approximately 10 participants with a unilateral transtibial amputee, both male and female
between the ages of 20-65 will be recruited from the Kitchener/Waterloo region, Hamilton
region, Guelph region and Toronto region for this experiment.
Approximately 10 or more young adult participants both male and female between the ages of
20-35 will be recruited from Wilfrid Laurier University.
Videotaping of participants will occur in order to compare kinematic results in the case of a
discrepancy. Videos will be labeled using your participant number, which will be used to identify
which tape contains trials for which participant. Only an assigned number will identify video
recordings and all results will be published as group effects. Video clips may be used in
presentations or conferences, but no distinguishable features will be visible.
RISKS
There is a potential risk to trip over the obstacle, however the obstacle will be free sitting across
to support structures and will be capable of moving if contact is made in an attempt to decrease
the likelihood of a trip or fall from occurring. There is a potential risk for skin irritation due to
the adhesive on the tape used to secure Ired markers to the boney prominences. There is potential
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for boredom and anxiety during the experiment. Participants may potentially fall during the
obstacle crossing trials. There is potential for fatigue during the walking trials.
To minimize the potential risk of tripping or falling during the experiment, a research assistant
will be present during all data collection trials to walk beside you to respond to any loss of
balance or tripping. A small piece of tape will be applied to the skin of each participant prior to
securing the markers to ensure no skin irritation. If skin irritation occurs as a result of the tape,
the participants’ skin will be cleaned and any excess adhesive will be removed. An alternate
means of adhering the markers will be used to prevent further irritation. To limit boredom, all
preparation for the data collection will be completed before you arrive to decrease any idle time.
The primary investigator and research assistants will also continually maintain conversation with
you to limit boredom. Frequent (every 10 minutes) rest periods will be offered to you in order to
decrease the likelihood of fatigue, and you will be offered seating at any time. To minimize
anxiety of wearing the kinematic markers or using the pressure insoles, you will be given time to
practice walking along the pathway to become comfortable. Various gait protocols have been
conducted on over 300 participants of all ages with no falls to date. If at any point, as the trials
continue, you feel anxious, you will be able to stop the experiment with a verbal indication to the
primary investigator or any of the research assistants.
BENEFITS
The proposed experiment will increase the knowledge of the relationship between transtibial
amputees and their ability to step over obstacles during walking. Identifying obstacle heights that
may pose a greater risk of falling for an individual with a transtibial amputation is another
potential benefit of this research. By determining the dynamic stability of an individual during
the aforementioned situation, a better understanding of the underlying mechanisms may be
obtained, which could later be used to develop safety protocols and training protocols for
transtibial amputees. The findings from this research may be used in the improvement and design
of prostheses, or environmental designs for those with a transtibial amputation or other lower
limb amputation. By understanding the dynamic stability of transtibial amputees during obstacle
crossing, the high number falls in this population may be greatly decreased.
Collecting data from a young adult population is beneficial for verifying and validating that the
methods being used and the outcome measures analyzed from the data are accurate, reliable and
valid. Ultimately it allows the primary investigator to be sure that any significant results
collected from the transtibial amputee population are due to factors besides the experimental
design.
CONFIDENTIALITY
You as a participant will be assigned a number following the completion of the questionnaire,
which will identify you in all further data collection, analysis and publications. Only Colin Kirst
and Dr. Stephen Perry will know the association between the participant number and your true
identification. All contact information and personal items recorded on the screening
questionnaire will be stored separately from data collection sheets and data collected during the
experiment. Research assistants may be involved in the processing of data, but will not have
access to information that will identify the participant. All results will be published as group
effects, and if individual effects are reported, they will be associated to participant number and
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all identifiable information will be removed. No association between the participant number and
any information that could identify the individual will be made. All paper, computer backups and
videotapes will be stored in a locked cabinet in the Biomechanics Lab (SR 119) in the Laurier
Science Research Centre. All data stored on computers will be protected by controlled access to
the computer workstation at which it exists. All data will be disposed of after five years after all
required analysis, publications and reports are complete.
CONTACT
If you have questions or concerns at any time prior to, during, or following the study, you may
contact the primary researcher, Colin Kirst at kirs9690@mylaurier.ca, and (519) 884-1970,
extension 3298. This project has been reviewed and approved by the University Research Ethics
Board (REB#5342). If you feel you have not been treated according to the descriptions in this
form, or your rights as a participant in research have been violated during the course of this
project, you may contact Dr. Robert Basso, Chair, University Research Ethics Board, Wilfrid
Laurier University, (519) 884-1970, extension 4994 or rbasso@wlu.ca
PARTICIPATION
Your participation in this study is voluntary; you may decline to participate without penalty. If
you decide to participate, you may withdraw from the study at any time without penalty and
without loss of benefits to which you are otherwise entitled. If you withdraw from the study,
every attempt will be made to remove your data from the study, and have it destroyed. You have
the right to omit any question(s)/procedure(s) you choose.
FEEDBACK AND PUBLICATION
The outcome of this experiment will result in potential publications and reports. Presentations of
the project’s outcomes may also be made at scientific meetings.
Please indicate by checking the box if you like to be contacted in the future with results
of this study.
CONSENT
I have read and understand the above information. I have received a copy of this form. I agree
to participate in this study.
Participant's signature____________________________________ Date _________________
Investigator's signature___________________________________ Date _________________
CONSENT TO VIDEOTAPE
I have read and understand the above information. I have received a copy of this form. I agree to
participate in this study
Participant's signature____________________________________ Date _________________
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Investigator's signature___________________________________ Date _________________
CONSENT TO RELEASE MEDICAL INFORMATION
I agree to allow my health professional to release pertinent medical information to the
investigator for the purpose of this study.
Participants signature __________________________________

Date________________

Investigators signature _________________________________
Date________________
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Appendix D
Informational Flyer for Transtibial Amputee
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Appendix E
Table .1: Mean and standard deviation (±) results for both young adults and the transtibial
amputee for the four obstacle crossing conditions (level ground, 5cm, 15cm and 25cm.
Level
Ground

5cm

15cm

25cm

Young Adults
COM-BOS max (cm)

11.4 ± 8.6

11.9 ± 7.7

12.1 ± 8.5

12.5 ± 8.9

COM-BOS min (cm)

8.7 ± 6.7

8.4 ± 6.2

8.5 ± 6.1

8.3 ± 5.8

COM-COP max (cm)

9.1 ± 7.8

9.2 ± 7.2

9.0 ± 8.1

9.0 ± 9.5

COM-COP min (cm)

5.0 ± 2.9

4.5 ± 2.7

4.5 ± 2.8

4.0 ± 2.8

Trail Peak Pressure
(N/cm2)

1060.3 ±
287.3

1219.8 ±
335.8

1268.5 ±
342.1

1282.5 ± 346.5

SL (cm)

76.7 ± 4.0

81.2 ± 4.2

81.3 ± 4.6

80.3 ± 5.3

SW (cm)

13.6 ± 4.6

14.6 ± 5.6

14.8 ± 5.9

14.7 ± 5.9

MTC (cm)

4.7 ± 1.6

20.7 ± 3.5

17.8 ± 3.7

14.3 ± 4.0

COM-BOS max (cm)

10.5 ± 4.6

11.4 ± 6.2

11.9 ± 6.2

11.7 ± 5.6

COM-BOS min (cm)

8.8 ± 5.8

8.3 ± 6.4

7.7 ± 6.9

7.77 ± 6.3

COM-COP max (cm)

7.0 ± 1.8

8.3 ± 2.4

8.6 ± 2.1

7.8 ± 2.1

COM-COP min (cm)

4.6 ± 1.4

4.5 ± 2.4

4.6 ± 2.4

3.5 ± 2.9

Trail Peak Pressure
(N/cm2)

736.3 ± 32.0

776.3 ± 95.1

757.7 ± 105.6

814.2 ± 116.2

SL (cm)

77.1 ± 1.7

84.8 ± 1.9

86.8 ± 1.4

88.0 ± 2.3

SW (cm)

9.63 ± 1.69

12.25 ± 4.50

12.30 ± 5.73

13.17 ± 4.46

MTC (cm)

5.72 ± 0.70

16.42 ± 1.87

12.90 ± 1.87

8.38 ± 1.65

Transtibial Amputee
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Table 2: Mean and standard deviation (±) for each region of the pressure insole (N/cm2) for both
the young adults and the transtibial amputee across the four obstacle crossing conditions (level
ground, 5cm, 15cm and 25cm).
Level Ground

5cm

15cm

25cm

Region 1 (N/cm2)

271.4 ± 119.0

329.4 ± 126.7

348.0 ± 138.6

334.5 ± 136.5

Region 2 (N/cm2)

236.5 ± 107.6

277.0 ± 127.2

286.7 ± 119.5

293.7 ± 123.0

Region 3 (N/cm2)

174.2 ± 101.4

185.9 ± 103.5

191.7 ± 106.5

190.1 ± 115.2

Region 4 (N/cm2)

160.7 ± 77.0

157.0 ± 77.0

158.9 ± 86.4

161.2 ± 83.1

Region 5 (N/cm2)

149.7 ± 72.6

147.7 ± 66.5

145.5 ± 65.4

156.9 ± 75.5

Region 6 (N/cm2)

96.1 ± 43.2

106.5 ± 51.8

107.6 ± 47.9

109.5 ± 56.1

Region 7 (N/cm2)

200.2 ± 67.2

231.2 ± 84.0

246.6 ± 88.6

245.9 ± 91.0

Region 8 (N/cm2)

335.8 ± 141.2

422.3 ± 162.3

429.1 ± 172.4

434.8 ± 165.5

Region 9 (N/cm2)

339.9 ± 141.2

414.4 ± 182.5

433.2 ± 189.4

432.1 ± 194.8

Young Adults

Transtibial Amputee
Region 1 (N/cm2)

164.6 ± 58.8

184.0 ± 47.2

181.9 ± 40.4

194.1 ± 50.4

Region 2 (N/cm2)

298.4 ± 72.0

352.0 ± 30.5

340.8 ± 45.3

348.7 ± 45.6

Region 3 (N/cm2)

72.0 ± 33.2

76.6 ± 32.1

78.5 ± 31.7

79.1 ± 32.6

Region 4 (N/cm2)

143.2 ± 33.4

129.5 ± 21.9

129.6 ± 23.8

139.6 ± 30.9

Region 5 (N/cm2)

208.2 ± 77.1

257.8 ± 59.8

249.6 ± 87.2

269.8 ± 70.3

Region 6 (N/cm2)

70.3 ± 33.2

53.5 ± 14.4

66.8 ± 27.5

68.0 ± 20.1

Region 7 (N/cm2)

172.8 ± 27.0

202.3 ± 75.3

192.2 ± 69.2

215.8 ± 79.3

Region 8 (N/cm2)

169.4 ± 13.6

185.2 ± 5.4

182.3 ± 7.6

184.1 ± 29.8

Region 9 (N/cm2)

259.0 ± 18.2

299.3 ± 26.1

267.8 ± 22.1

265.7 ± 7.6
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